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INTRODUCTION 


It  has  recently  been  demonstrated  that  several  ®9™Tc  labeled  radiopharma- 
ceuticals localize  in  acutely  damaged  myocardiumi^*^»'^»^®*^®»^®*^^»^^»^3»47,51 
skeletal  muscle,  and  other  tissues.  12,20  dinjcal  studies  have  shown 

the  utility  of  these  radiopharmaceuticals  for  imaging  of  recent  myocardial  in- 
farcts^^*^^  and  active  skeletal  muscle  inflammatory  disease,  and  several 
investigators  have  suggested  that  the  intensity  of  the  tissue  tracer  accumulation 
is  closely  linked  to  the  extent  and  severity  of  the  injury.  10,24,47,50,51 

The  mechanism  by  which  these  compounds  localize  in  damaged  tissue  is 
unknown.  In  the  case  of  "bone-seeking"  radiopharmaceuticals  (OOm-pp  labeled 
polyphosphate,  pyrophosphate,  and  diphosphonate)  it  has  been  suggested  that 
their  localization  is  related  to  the  deposition  of  calcium  in  injured  cells. 

Although  there  is  abundant  evidence  that  calcium  accumulates  in  damaged  myo- 
cardial and  skeletal  muscle  cells®^*^®'^®*®®  and  that  crystalline  deposits  re- 
sembling hydroxyapatite  form  in  various  organelles,^*®* there  is 
inconclusive  evidence  demonstrating  the  relation  between  calcium  deposition  and 
tracer  accumulation.  ®*®2  xo  evaluate  the  pathogenesis  of  tracer  localization  in 
damaged  muscle,  in  the  present  study  we  have  correlated  the  tissue  uptake  of 
Tc-Sn-diphosphonate  (ethane-l-hydroxy-l,l-dlphosphonate  (EHDP))  with  the 
change  in  tissue  calcium  concentration  in  an  animal  model  of  acute  skeletal  mus- 
cle injury.  In  addition,  vitamin  D (as  dihydrotachysterol)  was  administered  to 
some  experimental  animals  to  test  the  hypothesis  that  hypercalcemia  would  re- 
sult in  increased  deposition  of  calcium,  and  consequently,  of  99n»Tc  EHDP  in 
damaged  muscle.  The  histological  localization  of  the  calcium  deposited  in  the 
Injured  muscle  tissue  has  also  been  studied  and  correlated  with  other  histochem- 
ical  findings. 

METHODS 

Animal  model.  Male  Osborne-Mendel  rats  weighing  140-180  g were  used 
in  all  studies.  Ischemic  myopathy  was  induced  in  the  manner  previously 
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reported.  3®*  36 1 50  Briefly,  under  pentobarbital  anesthesia,  the  abdominal 
aorta  was  ligated  just  proximal  to  its  bifurcation  and  5 days  later,  5- 
hydroxytryptamine  (5-HT)  was  administered  intraperitoneally  at  a dosage  of 
15  mg/kg  body  weight.  Animals  undergoing  ligature  were  fully  recovered  with- 
in 48  hours.  In  this  model,  only  the  hindlimb  muscles  are  injured  and  the  fore- 
limb muscles  can  serve  as  control  tissue  in  each  animal.  The  induced  injury  is 
characterized  by  r„ultiple  microscopic  infarcts,  which  have  been  considered 
histologically  similar  to  the  early  lesions  of  Duchenne  muscular  dystrophy.  3® 
The  damaged  muscle  also  exhibits  an  acute  decrease  in  potassium  concentration 
and  increased  uptake  of  9^Tc  EHDP.  Concomitantly,  the  animals  have  ele- 
vations of  plasma  creatine  phosphokinase.  3® 

To  assess  the  effects  of  increased  plasma  calcium  on  the  deposition  of 
both  calcium  and  39™Tc  EHDP  in  injured  muscle,  some  rats  were  pretreated 
with  dihydrotachysterol  (EWT).  The  drug  (1  mg  in  4 ml  sesame  oil)  was  admin- 
istered by  gastric  tube  24  hours  prior  to  5-HT  injection. 

Tracer  distribution  and  tissue  calcium  studies.  The  muscle  uptake  of 

QQ.li 

Tc  EHDP  was  determined  in  control  rats  (n  = 5),  animals  treated  only  with 
DHT  (n  * 4),  and  ischemic  myopathy  rats  with  (n  = 8)  and  without  (n  * 7)  DHT 
pretreatment.  Twenty-four  hours  after  5-HT  injection  and/or  48  hours  after 
DHT  administration,  the  rats  were  injected  intravenously  with  39m-pp 
(0. 1 mg,  300  jiCi  in  o.  l ml  normal  saline).  Two  hours  later,  0. 2-  to 

0.6-g  samples  of  both  quadriceps,  both  gastrocnemii,  and  both  triceps  brachi- 
alis  were  obtained,  weighed,  and  counted  in  a NalfTl)  crystal  well  counter  along 
with  dilute  standards  of  the  radiopharmaceutical.  The  uptake  results  were  ex- 
pressed as  the  percent  of  the  injected  dose  per  gram  wet  tissue. 

After  they  were  counted,  the  muscle  samples  were  digested  overnight  in 
1 ml  concentrated  nitric  acid,  and  the  digest  was  then  diluted  to  10  ml  with  de- 
ionized water . The  calcium  and  potassium  concentrations  of  these  solutions 
and  appropriate  blanks  were  measured  by  atomic  absorption  and  flame 
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spectrophotometry,  respectively.  The  results  were  expressed  as  micromoles 
per  gram  wet  tissue. 

Plasma  enzyme  and  calcium  studies.  In  a parallel  study,  plasma  creatine 
phosphokinase  (CPK)  and  calcium  were  determined  in  normal  rats  (n  = 18)  and 
at  varying  times  after  treatment  with  DHT  (n  = 23),  induction  of  ischemic  myop- 
athy (n  = 39),  or  both  (n  = 48).  Calcium  was  determined  by  atomic  absorption 
spectrophotometry  and  CPK  activity  was  measured  by  the  method  of  Rosalki.  46 

Comparison  study  of  99mTc  EHDP  and  EHDP.  In  12  additional  animals 
(2  control,  4 with  ischemic  myopathy  and  6 with  ischemic  myopathy  following 
DHT  pretreatment),  the  muscle  uptake  of  both  99niX(.  eHDP  and  EHDP  was 
measured.  Ischemic  myopathy  rats  were  studied  24  hours  after  5-HT  injection. 
Each  rat  was  first  injected  intravenously  with  ^9™Tc  EHDP  in  the  same  dose 
noted  above  and  then  2-3  min  later  with  ^H  EHDP  (0. 5 mg  with  specific  activity 
20  uCi/mg  in  0.2  ml  normal  saline).  Muscle  samples  were  obtained  2 hours 
later,  weighed,  and  assayed  for  99j«Tc  as  described  above.  After  the  ^^"'tc 
had  decayed,  the  muscle  samples  were  digested  in  4 ml  "NCS"  (Amersham/ 
Searle)  and  the  ^H  activity  was  determined  by  liquid  scintillation  counting.  Re- 
sults were  expressed  as  percent  of  the  injected  dose  per  gram  wet  tissue. 

Histologic  studies.  Samples  of  quadriceps  from  normal  rats  and  from 
animals  with  ischemic  myopathy  (24  hours  after  5-HT)  with  and  without  DHT 
pretreatment  were  obtained  for  histologic  evaluation.  Parallel  sections  (10  /jm 
thick)  of  fresh  frozen  tissue  were  stained  with  alizarin  red  for  calcium  salts, 
modified  trichrome, nonspecific  esterase,^®  NADH-tetrazolium  reductase 
(NADH-TR),40  alkaline  phosphatase,^®  EDTA-reversed  ATPase,^®  phospho- 
rylase,®^  acid  phosphatase,®  succinate  dehydrogenase®®  and  myofibrillar  aden- 
osine triphosphatase  reactions.^®  Prior  to  the  alizarin  red  staining  some  sec- 
tions were  washed  either  (a)  for  2-60  min  with  5 mM  [ethylenebis(oxyethylene- 
nltrilo)]  tetraacetic  acid  (EGTA)  solution,  pH  7.  0 or  8. 0,  20°C,  or  (b)  for  2 min 
in  distilled  water. 
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RESULTS 

Tracer  distribution  and  tissue  calcium  studies.  The  mean  values  for  mus- 
cle eh dp,  calcium,  and  potassium  concentrations  are  shown  in  Table  1. 

Table  1.  Muscle  Diphosphonate,  Calcium,  and  Potassium  Concentrations* 


^^c-01phosphonate 

Calcli^ 

Potassium 

Groi£ 

ft 

_ t dose/a  « _10 

umoles/a 

Control 

30 

13.0  t 4.4 

3.38 

♦ 

0.61 

109.4 

4 

4.7 

DHT  Only 

24 

23.6  * 6.4* 

3.78 

♦ 

0.73* 

100.4 

4 

5.4* 

Itchenit  Hyopothy 

Triceps  brechUlls 

14 

12.1  t 7.2 

3.20 

♦ 

0.69 

114.8 

4 

4.1* 

Gastrocnemius 

14 

82.7  i 85. T*’*’ 

4.59 

♦ 

1.96*-" 

93.0 

4 

19.3*'** 

Quadriceps 

14 

210.4  ^ 85.8*-'‘'* 

8.71 

♦ 

4.21**"-* 

56.7 

4 

26.6*>'*-* 

Ischemic  Myopathy  ♦ 

OHT 

Triceps  brachialis 

16 

12.5  - 4.0'* 

3.79 

♦ 

1.46 

110.3 

4 

5.2*'-'= 

Gastrocneailus 

16 

99.2  - 98. 

4.86 

♦ 

2.22*’‘‘ 

88.0 

4 

15  ja.b.d 

Quadriceps 

16 

308.2  - 115.6*-*’’'’*’’* 

11.36 

4 

5 54a,b.d.e 

61.6 

4 

22.34.b.«.» 

Results  presented  as  mean  • 1 standard  deviation 

* * ^ Significantly  different  by  t-test  at  p ^.05  compared  to  control*,  DHT  only**,  or  to  corresponding  Ischemic 

aoropathy  group^.  The  statistical  comparisons  between  the  OHT  only  and  Ischemic  n^opathy  groups  are  not  shown. 

* Significantly  different  by  paired  t-test  at  p <.05  compared  to  corresponding  triceps  brachlalls**  or 
gastrocnemi us. 


The  quadriceps,  gastrocnemius,  and  triceps  values  were  pooled  for  control  ani- 
mals and  for  rats  treated  only  with  DHT  since  there  were  no  significant  differ- 
ences between  the  individual  muscles  within  these  two  groups.  DHT  treatment 
alone  resulted  in  slight  increases  in  muscle  ^®^Tc  EHDP  and  calcium  concen- 
trations and  a slight  decrease  in  the  potassium  concentration. 

As  we  reported  previously,®®  ischemic  myopathy  resulted  in  markedly  in- 
creased uptake  of  9®™Tc  EHDP  in  the  quadriceps,  accompanied  by  a decrease  of 
potassium  concentration  in  that  muscle.  We  now  find  that  the  calcium  concen- 
tration is  also  prominently  increased  in  injured  quadriceps.  Similar  but  less 
marked  changes  were  noted  In  the  gastrocnemii.  The  triceps  brachialis  values 
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MUSCLE  ®®"*Tc-OIPHOSPHONATE  (»dose/g) 


were  not  different  from  those  of  control  rats  except  for  a slight  but  statistically 
significant  increase  in  potassium  concentration.  This  latter  change  possibly 
reflects  a redistribution  of  body  potassium  following  a release  of  potassium 
from  the  injured  hindlimb  muscles. 

DHT  pretreatment  of  rats  with  ischemic  myopathy  resulted  in  even  greater 
uptake  of  ^^^^Tc  EHDP  in  the  quadriceps.  The  concentration  of  calcium  in  the 
quadriceps  of  these  animals  was  higher  than  that  in  myopathic  rats  not  pre- 
treated with  DHT,  but  the  mean  values  were  not  significantly  different  (p  = 0. 16> 
due  to  the  large  variability  within  each  group.  The  quadriceps  potassium  con- 
centrations were  similar  in  myopathic  rats  with  and  without  DHT  pretreatment. 

In  the  gastrocnemii,  similar  but  less  marked  differences  in  EHDP  and  calcium 
concentrations  were  noted  between  DHT  pretreated  and  nonpretreated  ischemic 
myopathy  animals.  The  triceps  values  in  these  animals  were  not  different  from 
those  of  control  rats. 

There  was  a highly  significant  correlation  (r  = 0. 778,  p<0.  001)  between 
99mTc  EHDP  uptake  and  calcium  concentration  in  the  individual  muscle  samples 
from  all  24  rats  (Figure  1). 

Figure  1. 

Relationship  between  muscle  calcium 
concentration  and  SSi’t'Tc  EHDP  uptake. 
Points  represent  the  values  for  individ- 
ual muscle  samples.  The  line  shown  is 
the  calculated  regression  line  with  equa- 
tion Y = 0.025X-0.046. 


MUSCLE  CALCIUM  (uMAl) 
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Plasma  enzyme  and  calcium  studies.  The  plasma  CPK  concentration  was 
markedly  increased  after  induction  of  ischemic  myopathy  (Table  2).  Peak  val- 
ues occurred  6 hours  after  administration  of  5-HT.  In  DHT  pretreated  rats  with 
ischemic  myopathy,  plasma  CPK  values  were  significantly  lower  at  3 and  6 hours 


Table  2.  Plasma  Creatine  Phosphokinase  Concentrations  (lU/ml)* 


1 Time  after 
DHT  (hr) 

Time  after 
5-HT  (hr) 

DHT 

Control  Only 

Ischemic 

Myopathy 

Ischemic 
Myopathy  ♦ DHT 

- 

102  - 42 
(18) 

254  - no*-*’ 
(5) 

6 

343  * 154 
(4) 

12 

164  t 24*’ 
(5) 

142  • 64 
(6) 

24 

226  t gg** 
(5) 

142  - 114* 
(6) 

27 

3 

4366  - 1868** 
(5) 

1743  * 1361*’’^ 
(6) 

30 

6 

5987  i 1229*’ 
(5) 

3663  - 1633*’’‘^ 
(5) 

36 

12 

387  - 137** 
(6) 

378  - 168** 
(5) 

48 

24 

229  - 175 
(9) 

193  * 118*’ 
(18) 

190  - 55*’ 
(14) 

' i 1 

Results  presented  as  mean  • 1 

Standard  deviation  and  (n) 

* 1?0  hours  after  aortic  ligation 

^ Statistically  significant  at  p < 0.05  by  unpaired  t-test  compared  to  control 

* Statistically  significant  at  p < 0.05  by  unpaired  t-test  compared  to  Ischemic  myopathy  group 
at  corresponding  time  after  5-HT 


after  5-HT  administration  compared  to  the  values  in  myopathic  rats  not  pre- 
treated with  DHT.  The  values  were  similar  in  the  two  groups  12  and  24  hours 
after  5-HT  injection. 

Dihydrotachysterol  caused  a progressive  elevation  of  plasma  calcium  from 
6 through  48  hours  after  a single  oral  dose  (Table  3).  In  rats  with  ischemic  my- 
opathy (with  and  without  DHT  pretreatment)  there  was  a transient,  slight  de- 
crease in  plasma  calcium  3 hours  after  5-HT  injection  compared  to  the  value 
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Table  3.  Plasma  Calcium  Concentrations  (/imoles/ml)* 


Tine  after 
OHT  (hr) 

Time  after 
5-HI  (hr) 

Control 

OHT 

Only 

Ischemic 

•lyopathy 

Ischemic 
myopathy  ♦ OHT 

- 

- 

2.58  - 0.17 
(18) 

2.62  - 0.11* 
(5) 

6 

- 

3.18  i O.IO** 
(<) 

2.98  - 0.08** 
(6) 

12 

- 

3.40  * O.SI** 
(5) 

3.01  - 0.06** 
(6) 

24 

- 

3.62  i 0.20** 
(5) 

3.68  * 0.29**** 
(6) 

27 

3 

2.26  - 0.20** 
(5) 

3.36  i 0.23**’' 
(6) 

30 

6 

2.44  - 0.10 
(5) 

3.58  - 0.51**’' 
(5) 

36 

12 

2.78  - 0.18** 
(6) 

3.69  - 0.17**’' 
(5) 

48 

24 

3.86  i 0.62** 

2.57  - 0.32 

3.67  i 0.48**’' 

(9) (18) W 

* 

All  conditions  and  footnotes  same  as  In  Table  2 


just  before  administration  of  this  drug.  This  acute  change  in  plasma  calcium 
possibly  reflects  entry  of  calcium  into  injured  muscle  cells. 

Comparison  study  of  99m  eHDP  and  EH  DP.  The  correlation  was  ex- 
cellent (r  = 0. 894,  p<  0. 001)  between  the  muscle  uptake  of  99™Tc  EHDP  and 

3 

H EHDP  over  a wide  range  of  observed  values  (Figure  2). 

Histologic  studies.  Tissue  was  examined  at  24  hours  after  5-HT  admin- 
istration with  and  without  DHT  pretreatment  (Figures  3-6,  Table  4).  This  ex- 
perimental myopathy  is  characterized  by  the  presence  of  multiple  ischemic  in- 
farcts of  small  and  large  groups  of  muscle  fibers  and,  in  minimally  affected 
areas,  of  some  individual  fibers,  Three  general  zones  were  identified  by  the 
alizarin  red  staining  pattern  of  larger  lesions  (Figure  3).  All  skeletal  muscle 
fibers  were  of  approximately  normal  diameter.  The  outer  zone  was  narrow, 
usually  about  the  width  of  3-10  fibers,  and  exhibited  marked  staining  of  the 
fibers  for  calcium  (Figure  5).  (Small  lesions,  less  than  about  6-20  fibers  in 
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MUSCLE  Tc  DIPHOSPHONATE  («  dose/j) 


Figure  2. 

Relationship  between  muscle  uptake  of 
3r  EHDP  and  99n»Tc  EHDP.  Points 
represent  the  values  for  individual  mus- 
cle samples.  The  line  shown  is  the  cal- 
culated regression  line  with  equation 
Y = l.OlOX+0.001. 


MUSCLE  3h  DIPHOSPHONATE  («  dose/g) 

diameter,  exhibited  only  this  staining  pattern.)  In  addition,  there  was  greatly 
increased  staining  of  the  smooth  muscle  of  small  arteries  Eind  veins  within  the 
outer  zone.  The  intermediate  zone  was  usually  about  2-4  fibers  in  width.  It 
had  only  slightly  increased  calcium  staining  of  most  of  the  muscle  fibers,  with 
a few  heavily  stained,  but  no  staining  in  capillaries.  The  inner  zone  comprised 
the  bulk  of  the  large  lesions  (Figure  6).  Like  the  intermediate  zone,  it  had  only 
slightly  increased  calcium  staining  of  the  muscle  fibers,  but  in  addition  there 
was  marked  staining  of  capillary  contents.  Those  capillaries  appeared  con- 
gested and  in  some  places  had  exuded  their  contents  into  the  interstitial  region. 

Pretreatment  with  DHT  did  not  alter  the  appearance  of  the  lesions  or  the 
distribution  of  alizarin  red  staining.  Specifically,  there  was  no  evidence  of 
additional  extracellular  staining  to  suggest  that  DHT  had  produced  metastatic 
calcification.  No  attempt  was  made  to  quantitate  the  intensity  of  staining  in 
lesions  of  animals  with  and  without  DHT  pretreatment. 

Pretreatment  of  the  sections  for  as  little  as  2 min  with  5 mM  EGTA  re- 
moved all  of  the  aUzarin  red  staining  from  control  muscle  and  from  the  histo- 
logically normal  regions  of  muscle  containing  scattered  infarcts,  except  for  a 
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Figure  3.  Parallel  sections  from  a large  infarct.  The  normal  region  is  at  the 
left  (in  that  region  one  fiber  is  marked  with  an  arrow  for  comparison 
of  the  three  sections),  a.  modified  trichrome,  b.  alizarin  red  for 
calcium,  c.  NADH-TR;  all  X 48.  The  calcium  stain  most  clearly 
demonstrates  the  three  zones  within  the  more  darkly  stained  infarct 
region  (right  three-fourths  of  field)  in  contrast  to  the  pale  normal 
region  (left  one-fourth  of  field).  See  Table  4 for  details. 
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Figure  4.  Modified  trichrome  stain  of  two  regions  from  the  same  section: 
a.  normal  region,  and  b.  inner  zone  of  a large  infarct.  In  the 
inner  zone,  muscle  fibers  are  separated  by  interstitial  edema 
and  have  lost  the  dark  staining  of  their  nuclei  and  intermyo- 
fibrillar  networks.  X 190 

faint  pink  background  staining.  After  30-60  min  incubation  in  EGTA,  the  faint 
background  staining  diminished  equally  in  both  the  infarcted  and  the  control  re- 
gions. On  the  other  hand,  prewashing  in  distilled  water  for  2 min  did  not  lessen 
the  alizarin  red  staining  intensity.  These  findings  support  the  contention  that 
alizarin  red  localizes  calcium  deposits  in  tissue. 

The  additional  hlstochemical  characteristics  of  the  three  zones  are  sum- 
marized in  Table  4.  In  the  inner  zone,  all  tissue  elements  (muscle  fibers  and 
blood  vessels)  were  nearly  metabolically  dead.  In  the  outer  zone,  there  was  a 
mixture  of  normal,  partially  damaged,  and  phagocytosed  muscle  fibers.  The 
intermediate  zone  was  transitional,  with  some  metabolically  dead  fibers  and 
some  only  partially  damaged;  however,  no  phagoc}rtosis  was  noted.  Of  partic- 
ular interest  was  the  phosphorylase  reaction,  which  by  its  absence  sharply 
delineated  all  of  the  abnormal,  alizarin  red  positive  fibers,  including  those 
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Figure  5.  Detail  of  the  border  between  the  normal  (lower  left)  and  the  infarct 
regions.  Alizarin  red  for  calcium,  X 75.  All  abnormal  fibers  are 
stained  darker  than  normal;  some  in  the  outer  zone  are  intensely 
stained  thrbughout  and  others  exhibit  punctate  staining. 


with  normal  architecture,  from  the  normal  alizarin  red  negative  fibers.  This 
reaction  thereby  appeared  to  identify  the  exact  extent  of  the  ischemic  lesions. 


Figure  6. 

Detail  of  the  inner  zone  of  an  infarct. 
Alizarin  red  stain  for  calcium,  X 190. 
The  intensely  stained  collections  are 
most  likely  thrombosed  capillaries; 
there  is  some  spillage  of  their  contents 
into  interstitial  regions. 
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Table  4.  Summary  of  Hiatocbemical  Findings  in  Ischemic  Myopathic  Lesions 


Htstor  hem  leal  raacUon 

OMar  «CM 

Intarmadlala  tone 

inner  ions 

Mndtftod  trk-hrtMM 

Dsgsas  ratlin  Nbara  md  "morphea 
loCleaUy  Mact"  Hbara.  Nonaal 
BMclaar  aUhitag.  laiarattUal  niac- 
rophacaa  sad  nautrophkia  praaant 
wtth  phagocyloata  of  scuna  tfeunsfad 
fdiara. 

Rad  Udarmyoflbrlllar  naraiyrk 
of  muacla  (fttara  dacraaaad. 
Nuclaar  atatolng  (Smlnlahad. 
Rare  IniaraUUal  aaoganous 
calls. 

Red  uitermvoflhrillar  notwork 
of  muscle  (Ibsrs  virtually  luat. 
Nuclear  stsmlng  ylrtually  lost. 
intarsttUai  edrma.  No  inter 
sUUal  axrjgrnoua  calls  or  phag'^- 
rvtoals. 

AlUarln  rod.  for  cak  turn 

Markedly  hicraaaad  stalalag  of 
e<tuacla  fibars  uhftusa  or  punctalai. 
No  capillary  coagaatkai  or  aUUalag. 
laMaas  gkdnilar  atalalag  of  amouth 
muacla  of  tmall  artarlaa  sad  vataa. 

SUgldly  torreaaad  muacla* 
fibar  atalnlng  (dlffuac  and 
occasloMlly  punrtalat.  No  cap* 
Illary  coagaatlon  or  atalnlng. 

Slightly  increased  muacle*flber 
ataiiiing  tdlffusev.  Capillaries 
congested  with  intagaslv  stained 
anisutrophic  naadla-crystais. 
Some  capillary  coDlsiHa  aptUtng 
into  iiyterscttlal  raglon. 

PHoofihurvUas 

AU  atalaing  ahssat.  (OIractly  cot- 
rahtlad  with  incraaaad  allsaiia  rad 
atalalag.  > 

All  staining  abaant. 

All  staining  abaant. 

NADN-  IK  and  succinato-TR 

Normal  aialalng  la  soma  muacla 
flhara.  Plaropiad  gattora  la  aome 
dagaswratlng  flbara.  la  phagocy* 
toaad  flbara.  oaly  itiamphagsi 
autalwg.  Dacraaaad  ataliOng  of 
blood  vaaaol  walla. 

Dacraaaad  atalnlng  of  muscle 
(tiara.  Uacraasad  ataiivlng  of 
blood  vaaaai  walls. 

Markedly  ds<-reaaed  staining  of 
muadv  (diars  and  blood  \sssel 
wails. 

Utamittobamtdtoe  pertuUdMe 

Dsvraaaad  sutnlag  of  muacla 
flbara. 

Same  as  uuktr  rone. 

Same  as  outer  totyc. 

MyoftttrtlUr  ATPasc 

Slightly  rathicad  atalnlng  of  muacla 
flbara.  Greatly  redicrd  atalnlng 
of  phagocytoaed  flhara.  Madtum- 
sUad  ariarles  dutanded;  soma 
thromboaad. 

Slightl*  reduced  staining  of 
muscle  fttiars.  Mediuni-slzad 
artarlrs  dlslrmledi  some 
thrumbnaed. 

Slightly  reduced  staining  of  niiis* 
cle  fillers.  Medtum-si/cd  arter- 
ies diHiendrdi  some  thrnmlKM»ed. 

AlkalMM  phosphsUss 

Staining  of  pmitferating  fibroblaaia. 
neutrnphlla  (and  ? fnacr«phagra». 
Normal  capillary  staining. 

Absent  staining  n(  some  ispil* 
larlrs.  Rare  stained  nautro* 
phlls  land  f mat  rophages  <. 

At>sent  capillary  suinini..  No  neu* 
tro|ihils  or  mat  rophages  prestml. 

Nodspoclfk-  SBicrMs 

Dif^iaaly  (Meraased  or  ahaam 
staining  of  muscia  flbara.  Kad- 
platas  alalnad.  Abaatil  alatnlng  of 
adma  cayAllarWa.  Marmphagas 
slightly  atalnod. 

Absent  suintag  of  muscle 
fibsrs.  f nd-plsles  stained. 
Absent  staining  of  some 
i-aplllariaa. 

Absent  statmnK  yd  must  le  (Piers. 

1 nd*|ilales  stained.  AlHierH  t-a|Hl- 
lary  staining. 

Acid  phosphatase 

Malning  of  mactviphagaa.  Slight 
staining  of  lumanai  ccaitnnis  of 
OTclu<tod  artariea.  MuOrta  fUiar 
Ivaoaomaa  not  vat  acUyatad. 

Slight  staining  of  lumenal  con- 
teaia  nf  wrludrd  arteries. 
Rare  suined  maiTophages. 
Mus«'ls  fiber  lysuacmyes  niil 
val  artix  alad. 

Stighi  staining  of  lumenal  cunti'M*  of 
<«'cludrd  aitrnea.  No  macroplwges. 
Muai-le  lliiei'  lyiosoiuva  n«<  y«t 
uitb  ated. 

DISCUSSION 

Our  results  demonstrate  that  the  accumulation  of  9^Tc  EH DP  in  acutely 
damaged  skeletal  muscle  closely  parallels  the  increase  in  tissue  calcium  con- 
centration which  occurs  after  injury.  Dihydrotachysterol  alone  d'd  not  cause 
acute  muscle  damage.  When  given  to  aorta-ligated  rats  it  did  not  increase  the 
severity  of  5-HT  induced  myopathic  injury  as  reflected  by  the  muscle  potassium 
and  plasma  CPK  concentrations.  DHT  resulted  in  sustained  hypercalcemia  as 
expected.  This  was  accompanied  by«  and  probably  caused,  the  increased 
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intrRcellular  depoBition  of  calcium  in  the  injured  tissue.  This  increased  tissue 
calcium  probably  accounted  for  the  associated  further  increase  in  muscle  ^^"'Tc 
EH DP  uptake  in  DHT  pretreated  ischemic  myopathy  rats.  These  observations 
suggest  that  the  uptake  of  ®^Tc  EHDP  is  related  to  its  binding  to  tissue 
calcium. 

When  the  ®®™Tc  EHDP  uptake  and  calcium  concentration  in  injured  mus- 
cle are  compared  with  those  of  control  tissue,  it  is  apparent  that  the  tracer  up- 
take is  increased  to  a much  greater  extent  than  the  calcium  concentration 
(Table  1).  For  example,  in  the  quadriceps  of  ischemic-myopathy  rats,  the 
mean  ®®*"tc  EHDP  uptake  is  increased  by  a factor  of  17. 4 compared  to  the 
mean  triceps  value  while  the  calcium  concentration  increased  in  the  quadriceps 
by  only  a factor  of  2. 7.  This  observation  is  not  inconsistent  with  the  hypoth- 
esis that  the  ^^o'Tc  EHDP  is  binding  to  calcium  deposited  in  the  injured  tissue. 

It  is  likely  that  the  tracer  binds  to  calcium  salts  deposited  as  microcrystals, 
which  have  been  observed  by  electron  microscopy  in  injured  muscle 
cells,  ^*5*'^*  lit  26, 48, 53  rather  than  to  tissue  ionic  or  protein-bound  calcium. 1® 
Since  we  have  measured  total  muscle  calcium,  the  relative  increase  in  tissue 
calcium  concentration  would  underestimate  the  increase  in  crystalline  calcium 
deposits. 

We  have  also  shown  close  correspondence  between  uptake  of  ®®*"Tc  and 

^H  labeled  EHDP  by  Injured  muscle.  Our  findings  are  similar  to  those  of  Klein 

et  al.  who  demonstrated  good  correlation  between  the  uptake  of  ®®*"Tc  and 
32 

P labeled  pyrophosphate  in  normal  and  infarcted  canine  myocardium.  These 
observations  suggest  that  the  localization  of  the  ^^"'tc  stannous  phosphate  com- 
plexes in  injured  muscle  is  governed  by  the  p; wp«i  ties  of  the  parent  compound, 
i.e. , EHDP  or  pyrophosphate,  and  is  not  a unique  characteristic  of  the  reduced 
technetium  complex.  Thus,  ^H  EHDP  should  be  a suitable  tracer  to  further 
evaluate  the  mechanism  of  ®®^Tc  diphosphonate  localization  in  injured  tissue 
by  autoradiography,  subcellular  fractionation,  and  in  vitro  binding  studies  with 
tissue  and  tissue  components.  The  greater  stability  of  ^H  EHDP  and  better 
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autoradiographic  resolution  achievable  with  the  tritium  label  would  make  it  pref- 
erable to  9®”'Tc  for  these  types  of  studies. 

The  alizarin  red  method  is  considered  to  stain  calcium  "salts"^^  but  not 
ionic  calcium.  Therefore  the  alizarin  red  staining  of  the  damaged  muscle  fibers 
is  collateral  evidence  for  deposition  of  calcium  salts  in  the  acute  lesions  of  isch- 
emic myopathy.  The  sites  of  calcium  salt  deposition  within  the  damaged  fibers 
cannot  be  localized  precisely  by  li^t  microscopy.  However,  a preliminary 
ultrastructural  histochemical  study^^  with  pyroantimonate  staining  of  skeletal 
muscle  fibers  from  rats  with  experimental  muscle  damage  or  humans  with  spon- 
taneous muscle  disease  shows  pathologic  accumulation  of  calcium  in  four  major 
subcellular  sites.  These  are  (1)  sarcoplasmic  reticulum  (SR),  (2)  mitochondria, 
(3)  myofibrils  (usually  in  this  order  of  decreasing  intensity,  although  mitochon- 
dria occasionally  are  very  heavily  laden),  and  (4)  the  nucleus  (nucleoli  and  chro- 
matin). There  are  often  collections  of  calcified  SR  or  mitochondria,  which 
would  appear  as  tiny  granules  by  light  microscopy.  These  c3rtoplasmic  subcell- 
ular sites  could  explain  our  light  microscopic  findings  and  are  the  same  as  re- 
ported in  an  earlier  nonhistochemical,  ultrastructural  study  of  pathologic  cal- 
cification of  skeletal  muscle.®  These  same  organelles  also  accumulated  calcium 
after  normal  rat  muscle  was  soaked  in  high  concentrations  of  calcium.^^ 

Calcification  of  necrotic  myocardial  fibers  has  been  described  by  several 
investigators.^'  H.48,53  Buja  et  al."^  have  recently  shown  that  the  intensity 
of  calcification  in  experimental  canine  myocardial  infarcts  decreases  from  2 to 
13  days  after  injury,  thus  paralleling  the  evolutionary  changes  observed  on 
Imaging  with  99mTc  pyrophosphate.  These  investigators  have  also  shown  his- 
tologically that  the  marked  calcium  deposition  within  the  muscle  fibers  occurs 
chiefly  in  the  reperfused  outer  regions  of  the  myocardial  infarct,  and  that  the 
uptake  of  99niTc  pyrophosphate  occurs  almost  entirely  in  this  region.  In  con- 
trast, there  is  virtually  no  tracer  uptake  in  the  nonperfused  central  zone  of  the 
infarct.  The  localization  of  calcium  and  phosphate  in  mitochondria  of  abnormal 
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myocardial  muscle  fibers  has  been  emphasized  by  several  investiga- 
tors,***25. 48, 53  the}'  have  not  commented  on  calcium  salt  deposition 
in  the  myocardial  sarcoplasmic  reticulum.  Crystalline  calcium  deposits  do 
form  in  the  SR  of  injured  skeletal  muscle  fibers.®*^*  Since  the  SR  of  both  tis- 
sues normally  accumulates  calcium  avidly,  this  apparent  discrepancy  may  sim- 
ply reflect  the  fact  that  the  SR  is  less  prominent  in  cardiac  muscle  compared  to 
skeletal  muscle  and  calcium  accumulation  in  it  may  have  escaped  notice. 

On  the  basis  of  the  myocardial  studies,'^*  52, 44  would  predict  that 
99mjg  EHDP  localization  in  ischemic  myopathy  lesions  should  occur  only  in 
the  zones  which  are  perfused  at  the  time  of  tracer  injection  (24  hours  after  5- 
HT  administration),  in  the  inner  zone,  the  alizarin  red  staining  material  within 
capillaries  suggests  microthromboses  and,  in  addition,  inflammatory  ceils  are 
absent.  Both  of  these  observations  suggest  that  the  inner  zone  is  nonperfused. 
Thus,  in  large  lesions  only  the  outer  zone  and  part  of  the  intermediate  zone 
would  be  expected  to  accumulate  99nixc  Eh  DP.  Reperfusion  probably  occurs 
throu^out  small  lesions  (6-20  fibers  in  diameter)  and  consequently  tracer 
accumulation  is  likely  to  be  more  uniformly  increased  in  them. 

The  cause  of  calcium  salt  accumulation  within  the  organelles  of  injured 
cells  is  not  known.  The  following  sequence  may  represent  a likely  mechanism. 
Normally  the  sarcolemma  maintains  a large  concentration  gradient  for  calcium 
between  the  extracellular  fluid  and  the  aqueous  sarcoplasm.  21. 22, 54  ^ ,g 
known  that  an  early  manifestation  of  muscle  fiber  injury  is  damage  to  sarco- 
lemmal  integrity.  In  our  model  this  is  demonstrated  by  loss  of  muscle  potas- 
sium and  leakage  of  muscle  CPK  into  plasma.55.36,50  other  investigators  have 
demonstrated  entry  of  plasma  proteins  and  other  macromolecules  into  minimally 
injured  muscle  fibers.^'^»27.56  Breaks  in  the  sarcolemmal  integrity  would  allow 
ingress  into  injured  muscle  cells  of  comparatively  large  amounts  of  calcium  and 
subsequently  of  99inTc  EHDP  which  would  bind  to  that  calcium.  The  ability  to 
accumulate  calcium  is  a well  documented  phenomenon  in  several  subcellular 
organelles.  In  frog  skeletal  muscle,  the  sarcoplasmic  reticulum  rapidly 
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transports  calcium  into  its  interior  by  an  active  process  requiring 
down  to  an  environmental  concentration  of  0. 1 (which  is  the  level  necessary 
for  full  relaxation  of  myofibrils).^*  Muscle  mitochondria  take  up 

calcium  somewhat  more  slowly,  down  to  an  environmental  concentration  of  about 
4 ^M,  but  can  accumulate  large  amounts.^* These  calcium-transport  func- 
tions continue  in  the  organelles  after  the  sarcolemmal  membrane  is  broken  and 
even  proceed  in  cell  fractions  in  vitro.  If  these  organelles  remain  active  for  a 
period  of  time  after  sarcolemmal  injury  with  its  concomitant  increase  in  the 
aqueous  sarcoplasm  calcium  concentration,  they  wou'd  be  expected  to  develop 
the  nutssive  calcium  salt  deposits  similar  to  those  demonstrable  by  electron 
microscopy  when  either  normal  or  pathologic  muscle  is  incubated  in  solutions 
with  a hi^  calcium  concentration.  Muscle  nuclei,  and  to  a lesser  extent  myo- 
fibrils, also  accumulate  calcium  under  such  incubation  conditions,^^  but  com- 
parable biochemical  studies  with  isolated  nuclei  and  myofibrils  are  not  available. 
All  of  these  subcellular  accumulations  together  probably  account  for  the  in- 
creased muscle  fiber  calcium  we  have  demonstrated  by  light  microscopy  and 
measurement  of  total  calcium.  This  increased  calcium  salt  deposition  is  likely 
to  be  responsible  for  the  marked  increase  in  ®9n^Tc  EHDP  localization  in  isch- 
emic myopathic  muscle. 

The  SR  and  mitochondria  of  smooth  muscle  (pig  coronary  artery)  also 
accumulate  calcium  avidly.^^  Thus,  a similar  sarcolemmal  leakage  mechanism 
in  partially  damaged  smooth  muscle  fibers  might  account  for  the  intense  aliz- 
arin red  staining  of  the  smooth  muscle  in  small  arteries  and  veins  within  the 
outer  zones  of  our  experimental  lesions. 

In  conclusion,  we  have  demonstrated  that  calcium  salt  accumulation 
occurs  in  the  injured  skeletal  (and  smooth)  muscle  fibers  of  rats  with  ischemic 
myopathy.  The  localization  of  ®®™tc  EHDP  in  injured  muscle  closely  parallels 
this  abnormal  calcification  process.  This  phenomenon  may  be  applicable  to  the 
clinical  and  histological  identification  of  abnormal  skeletal  muscle  in  various 
disorders. 
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